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1SYNTHESES OF SOME SILICATE MINERAL STRUCTURES 
CONTAINING Mn3+
by DJ. Drysdale
ABSTRACT. Review of the literature on synthetic silicate minerals containing 
Mn^"*" and a new experiment suggest that some structures not synthesized at low 
pressure because they are destabilized by the Jahn-Teller effect can be 
synthesized at very high pressures.
INTRODUCTION
Mn^'*’, with its high spin d^ arrangement, exhibits the Jahn-Teller 
effect, resulting in substantial distortion of octahedrally coordinating 
oxyanions to form elongate or compressed square bipyramidal coordination 
polyhedra.
Two groups of structures can be recognised :
(a)
(b)
structures possessing suitably distorted sites, some of which are 
stabilized by the Jahn-Teller effect or have their stability fields 
extended relative to the stability fields of analogous structures 
lacking Mn^^;
structures lacking suitably distorted sites that are destabilized by the 
Jahn-Teller effect. Some of these are unstable at low pressures but 
become stable at very high pressures.
STRUCTURES POSSESSING SUITABLY DISTORTED SITES
Some of these are stable at low temperatures and pressures and are 
readily synthesized. Examples include kentrolite (Gabrielson 1962, Ito and 
Frondel 1969) and Mn3+ substituted Sc beryl, Be3Sc2Si6O2g, (Frondel and 
Ito 1968). Others are additionally stabilized by the Jahn-Teller effect. 
Abs-Wurmbach and Langer (1975), Langer et al. (1976), Abs-Wurmbach 
et al. (1981), and Abs-Wurmbach et al. (1983) note this effect in 
andalusite, viridines (Mn substituted andalusite solid solutions) and 
kanonaite, (Mn^+, Al) (Al, Mn^^) l^l O(SiO4), a mineral isotypic with 
andalusite. Mn^^ also has a stabilizing effect on the piemontite structure 
(Anastasiou and Langer 1977, Keskinen and Liou 1979).
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2STRUCTURES DESTABILIZED BY THE JAHN-TELLER EFFECT
When coordination octahedra are not distorted the structures are 
destabilized by entry of Mn^'*’:
a. The garnet Ca3Mn2Si3O;^2 not been synthesized at 2-3
kb, 530-600°C, because the octahedra in andradite are nearly
regular and dstortion produced by Mn3+ destabilizes the structure.
Similarly, henritermierite, a hydrogarnet of the composition
Ca3(Mn| 5 Alg 5) [(SiO4)2(OH)4] has a tetragonally distorted non- 
cubic structure (references in Nishizawa and Koizumi 1975).
b. The pyroxene LiMnSi2O5 cannot be synthesized at low
temperatures and pressures because the spontaneous distortion
caused by the pyroxene structure does not correspond to that
required by Mn^^ (Drysdale 1980).
Although destabilized by the Jahn-Teller effect garnet 
Ca3Mn2Si3O|2 can be synthesized at very high pressure : at pressures from 
30 to 60 kb at 1100°C Nishizawa and Koizumi (1975) synthesized this 
composition as a garnet but at lower pressures wollastonite + aMn2O3 
were formed. The SiO4 tetrahedra are strongly affected by the Jahn-Teller 
distortion of the MnOg octahedra and so are highly distorted, but these 
distortions do not change the whole cubic garnet structure. Similarly, 
Frentrup and Langer (1981) synthesized garnet (Ca2 gyMn^+g g)!^] (AI121 
Mn^+ojs)^^^ (^1^4)3 in the presence of water at 25 kb and 830°C and found 
the crystal field stabilization energy of Mn^"’" in the garnet is appreciably 
smaller than for Mn3+ in viridine and piemontite.
Other structures synthesized only at very high pressures are known. 
In experimental systems piemontite, Ca2A13_pMn3+p (S120-7/8!O4/O/OH), p 
= 1.9, coexists with a high pressure phase CMS - XI, Ca3Mn3+2O2 
[Si4O]^2]> stable only at relatively high pressures, at least greater than 13 
kb (Anastasiou and Langer 1977). Moore and Araki (1979) show this is a 
chain silicate in which the chain component is not related to pyroxene - 
type chains but closely identifies with a chain component in the melilite 
structure, with four short and two long bonds.
3A POSSIBLE NEW VERY HIGH PRESSURES PHASE
If stabilization of structures containing Mn^* in octahedral 
coordination that are destablized by the Jahn-Teller effect at low pressures 
is a general consequence of the application of very high pressures, this is 
of some interest. The Mn^'*’ pyroxenes offer a test of the generality of the 
effect, as some are known not to be synthesized at low pressures but could 
become stable under very high pressures. Mn - rich varieties of aegirine 
containing some Na, Mn and Fe are known and Mn is also present in trace 
amounts in some spodumenes. Views differ on its location : Schmitz and 
Lehmann (1975) assign the lilac colour of spondumenes to Mn^'*’ in the 
distorted tetrahedral lattice sites of Si but cite other work that assigns the 
red violet colour of kunzites to Mn^"'’ in octahedral sites. To test 
stabilization of Mn^’*’ pyroxenes at high pressure one of the experiments of 
Drysdale (1980) has been run again at very high pressure.
Blinov (1969) found with increasing pressure the amount of Al in 
six-coordination increases in a glass of composition LiAlSi2O6. At 60,000 
atmospheres all Al is in six - coordination, suggesting higher pressures 
would be necessary to stabilize Mn^ in six-coordination. So the new 
experiment was run at 80 kb, well below the pressure required for pressure 
- induced reduction of Mn3+ to Mn2+ in shock wave experiments. The
starting material was prepared as for the manganite - based material A in
Drysdale (1980), modified by the procedure of McKenzie (1971) for the
preparation of manganite. This is not ideal starting material : Drysdale
(1975) showed gels in which near densest packing is maintained
throughout preparation, as shown by crystallization of the M^+OOH gel
(M3+ = Al, Fe, Cr, V, Sc, In) to the a (diaspore) or the InOOH structures,
provide the best precursors for the nucleation of C2/c pyroxenes. The
arrangement in manganite docs not correspond to closest packing, being a
monoclinic deformation of the InOOH cell with octahedra very distorted by
the Jahn-Teller effect. This stabilizes manganite relative to groutite
(groutite is a rather rare mineral because of this and has been synthesized
only once). So preparation of the ideal starting material, a gel predisposed
to nucleate groutite, was not possible. However, the anion arrangement in
manganite is more like that in a MOOH structures, with hexagonal close
packing, than y MOOH structures, with cubic close packing, because of the
distortion of the MOg groups about Mn^^, and closely approximates the
ideal starting material. The run was carried out following the procedure of
Nishizawa and Koizumi (1975). Phase identification was by XRD and
microscopy. Phases recognised are braunite, bixbyite and quartz. Failure
to synthesize the pyroxene structure was not unexpected; the large
literature on atempts to synthesize spondumene have shown the structure to
4be extremely difficult to nucleate at geologically realistic relatively low 
temperatures and pressures in its stability field.
The ionic radii of Shannon et al. (1975) suggest the cell size of 
LiFeSi2Og should be close to that of LiMnSi2O6 so the charge was seeded 
with synthetic LiFeSi2O6, a phase easily synthesized. Phases recognised in 
this charge are braunite, bixbyite, quartz and a pyroxene phase. The latter 
is a deep orange/reddish brown colour and is identified as a Mn^'*’ 
substituted pyroxene from the XRD pattern and colour. (Many Mn^^ - 
containing silicates have a similar characteristic colour : a hydrogarnet, 
henritermierite, Ca3(Mn2 5 Alg 5) [(8104)2(011)4], is clove or apricot brown, 
garnet (Ca3Mn2Si30i2 is reddish brown, garnet (Ca207Mn2+Q g) 
(Al^ 2iMn3'*'o 7g) 513022 is deep orange red, an epidote piemontite is reddish 
brown to reddish black, synthetic piemontites, Ca2A13_pMn^'’’p 
(51207/5104/0/011) are purple red and brownish red when low p and high p 
respectively, another epidote, macfallite, Ca2Mn3'’’3 (8104) (81207) (011)3, 
is reddish brown to maroon, orientite, Ca2Mn33+8i3O22(OH), is deep red - 
brown to almost black, C8M - XI, Ca3Mn3'''2^2pi4^i2]» is pleochroic 
violet to light brown, and kentrolite, Pb2Mn3+28i2O9, is pleochroic in 
reddish brown and deep reddish brown).
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6GROUNDWATER REQUIRING PROTECTIVE LANDSCAPING:
MODEL TRIALS AT DALRYMPLE, NORTH QUEENSLAND
by E.J. Heidecker
ABSTRACT. There is a growing need to protect aquifers and groundwater in 
Australia's regolith of weathered rock and unconsolidated detritus. This is 
particularly so in northeastern Queensland where erosion of regolith aquifers is 
accompanied by dispersion of clays into groundwater and drainage systems.
Evapotranspirative landscapes are used to control dry-land salinity in 
regolith. Alternative forms of protective landscaping may be needed for regolith 
containing useful groundwater. This groundwater may need to be protected and 
conserved. Indeed evapotranspirative removal of part of this water may in 
certain circumstances increase salinity and generate sodic clays that disperse and 
trigger aquifer erosion. Trials at Dalrymple on the Burdekin River in north 
eastern Queensland indicate that it is possible to protect regolith aquifers with 
trees that are sparing in their use of groundwater. These trees are found to 
conserve water in fibrous root mats under deep mulch and shade. Organic clays 
developed by these trees, particularly legumes such as Tamarindus indica, are far 
less dispersive than the sodic clays they replace.
These preliminary observations indicate that models for protective 
landscaping require regolith maps that indicate hydrogeological structures.
INTRODUCTION
Water is widely available in Australia's regolith of weathered rocks and 
unconsolidated detritus. Unfortunately regolith aquifers close to surfaces 
affected by environmental change are suffering erosion and salinisation.
A priority area for regolith water-care is in northeastern 
Queensland about Dalrymple National Park NNW of Charters Towers 
along part of the Burdekin River shown in Figs. 1 and 2. Several types of 
regolith aquifer are represented along with groundwater landscapes. These 
are along former river channels shown in Fig. 1 and extensive blankets of 
fragmented and collapsed basalt in Fig. 2. Water from these regolith 
aquifers supplies stock, the city of Charters Towers, and a large mining 
industry during dry seasons.
Pap. Dep. Earth Sciences Univ. Qd., 13(1): 6-18, December 1995.
7GROUNDWATER LANDSCAPING
Groundwater geomorphology is identified as an environmental 
focal point by Higgens and Coates (1990). Groundwater geomorphology is 
best known in Australia as the basis for groundwater landscaping to control 
salinity. Other forms of groundwater landscaping protect aquifers from 
erosion and shield useful groundwater from wasteful leakage and 
evapotranspiration.
The basis for groundwater landscaping in Queensland was laid by 
F.W. Whitehouse and other pioneering landscape geologists identified in a 
review of Queensland's landscape geology by Stevens (1972). Soil 
landscape relationships recognised by Thompson and Ward (1975) link 
landscaping to drainage, leaching, and depth to groundwater. The 
landscape approach to regolith mapping by Pain (1992) and the Australian 
Geological Survey Organisation contains regolith concepts by C. Ollier, 
with important implications for groundwater landscaping in Queensland. 
Morphostructural interpctation of drainage and the regolith aquifers shown 
in Fig. 1 has been suggested by Heidecker (1987), as landscaping along the 
Burdekin River has been affected by Quarternary volcanism and 
neotectonic faulting and warping.
An excellent basis thus exists in Queensland for development of 
groundwater landscaping to protect groundwater.
Pseudokarst erosion:
This style of erosion, illustrated in Fig. 3, entails development of 
sinkholes, A, draining into tunnels and pipes that have collapsed into 
gullies stripping a regolith aquifer, at B, and delivering sodic clays that 
may choke and pollute drainage systems, irrigation works, and estuaries 
great distances away. The mechanisms of groundwater piping and 
pseudokarst destruction of drylands are given in detail by Parker et al. 
(1990). Boucher (1990) has found this form of groundwater erosion to be 
widespread across Australia and overseas.
Methods of groundwater landscaping developed to control 
pseudokarst in Australia would be beneficial in many areas overseas 
suffering dry land degradation.
8FAILURE OF EVAPOTRANSPIRATIVE CONTROLS ALONG 
PALAEOCHANNEL AQUIFERS
A former channel of the Burdekin River is marked by corresponding points 
R-S-T-U in Figs. 1 and 2. This channel is indicated by linear
photogeologic elements between R and S in Fig. 2. The palaeochannel is
below the present Burdekin at T and its former bank is indicated by a ridge
of soft sandstone that still survives in the Burdekin channel immediately
upstream from T. The bank of the channel is indicated by arcuate
truncation of an older basalt flow west of and between T and U in Fig. 2.
A water bore half way between T and U at Dalrymple encountered
groundwater in the base of the palaeochannel filled with more than 20
meters of levee and channel deposits.
Tree cover on the palaeochannel between R and S in Fig. 2 is 
unaffected by clearing. Evapotranspiration is likely to be normal or higher 
than normal at S, where exotic vines have added to the draw on 
groundwater. In contrast the area half way between T and U, the site of 
former Dalrymple and Old Gainsford Station, has been cleared, particularly 
about the water bore. Evapotranspiration is thus likely to be less over the 
palaeochannel at Dalrymple than over the wooded channel between R and 
S in Fig. 2.
Hughes (1984) has confirmed the association between clearing of 
trees and later outbreaks of seepage salting in Queensland. Hughes (ibid) 
relates this to the common observation throughout Australia that trees, 
particularly eucalypts, can use large quantities of water by 
evapotranspiration. When trees are removed groundwater rises, flushing 
salts from the regolith.
The channel along RS in Fig. 2 might be expected to be unaffected 
by salting as it is wooded. Unfortunately that is not so. Soils in the 
channel are extremely dispersive and sodic. Severe pseudokarst erosion of 
sodic soils shown in Fig. 4 is common in woodlands along the channel.
Also unexpected is that the bore in the cleared area at Dalrymple is 
not affected by salt. This does not imply that there is generally anything 
amiss with the use of evapotranspirative woodlands to control salinity. 
However, other hydrogeological controls need to be considered and 
modelled at Dalrymple.
9MODEL TESTING AND DEVELOPMENT AT DALRYMPLE
The evapotranspirative landscaping model:
Field observations given above indicate that sodicity may be a 
problem in landscapes that are well wooded. As the benefits of 
evapotranspirative woodlands are so clear generally there must be a need 
for restriction of the model in certain drainage environments. Common 
sense suggests that shallow regolith aquifers with useful groundwater are 
such an environment in which certain trees may simply waste water by 
evapotranspiration. Groundwater used by trees along RS in Fig. 2, has left 
salts. During floods these salts may be leached through surrounding dry­
land clays, commonly smectite rich, which have become markedly sodic, 
dispersive, and readily eroded.
The protective landscaping model for regolith groundwater:
This model is directed towards developing ways of protecting 
regolith and groundwater with landscapes that conserve groundwater and 
use it efficiently.
Aquifer cover and groundwater may be protected by land forming, 
also by trees that retain surface water in shaded mulch and provide organic 
matter that binds and improves the water retentivity of regolith that is 
otherwise dispersive.
Land forming at Dalrymple has included terracing of compacted 
and thus "scalded" regolith shown in Fig. 5. Terraces are evident at A in 
Fig. 6
Protective plant communities have been developed about groves of 
tree legumes shown at A in Fig. 7. The tamarind tree Tamarindus indica 
shown at A is proving particularly proficient in conserving its own water 
needs in shaded mulch and a fibrous root mat as well as water-retentive 
organic-clays. Tamarind trees resist fire and its destruction of humus.
This tree may use a certain amount of groundwater, but its primary 
source appears to be water that it helps retain at shallow root level. Once 
this water is exhausted at Dalrymple it becomes deciduous, suggesting it is 
not using much of the groundwater that is available at 20 metres. The 
tamarind's fruit, flowers, and leaves contain protein, B-group vitamins, 
dietary minerals, fibre and sugar with commercial, stock and wildlife 
benefits.
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CONCLUSIONS
Subsurface hydrogeology needs to be considered in placement of 
evapotranspiration woodlands to control salinity and clay sodicity. Tree­
planting programmes now underway across Australia need to be guided by 
hydrogeological maps of regolith that may be structurally complex. The 
need for hydrogeological regolith maps is indicated along the Burdekin 
River in study areas illustrating the diverse possibilities of groundwater 
landscaping. Here there are indications that evapotranspirative woodlands 
planted or allowed to develop on regolith aquifers could reduce useful 
groundwater and induce salinity.
Hydrogeological mapping of regolith structures and aquifers along 
the Burdekin River has guided protective landscaping trials on 
groundwater at Dalrymple. Development and testing of a protective 
landscaping model has taken more than 20 years to identify certain time­
dependant processes including pseudokarst erosion and the control of 
dispersive clays by organic materials provided by protective groves. Study 
of this landscaping is now directed towards the particular benefits of 
certain trees, such as the Tamarind, in land surface protection benefiting 
groundwater.
Now that the indications of these processes have emerged, reported 
in a preliminary way here, it will be possible to direct accordingly 
numerical evaluation and structural modelling that will help the refinement 
and wider application of protective landscaping for regolith aquifers 
groundwater.
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Figure 1: Locality map. Points RSTU are referred to in the text
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Figure 2: An aerial photograph of Dalrymple indicated in Figure 1, with 
corresponding coordinates and points RSTU along a regolith 
palaeochannel. Fragmented, collapsed basalt west of TU serves as 
a regolith aquifer.
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Figirc 6: An enlargement of the central part of the aerial photograph in 
Figure 2 covering Dalrymple. A is a terraced area formerly scalded 
as shown in Figure 5. B is the locality of Figure 7 on the northern 
limit of an area west of BA which has been planted with tamarind 
trees.
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NATURAL SUPPLY OF PHOSPHORUS FROM BASALT 
CONTROLLED BY REJUVENATED LANDSCAPES ALONG THE 
BURDEKIN RIVER, QUEENSLAND
by E.J. Heidecker
ABSTRACT. The natural productivity of alluvial soils along the Burdekin 
River is limited generally by phosphorus availability. Basalt flows along the 
Burdekin River upstream from Charters Towers have the potential to supply 
regolith with as much as 0.5% phosphate.
Drainage maps have been used to identify parts of the Burdekin River 
and its tributaries diverted by Quaternary basalt flows. As much as four million 
cubic metres of phosphatic regolith has been flushed out of a sequence of new 
channels developed by Fletcher Creek above its current junction with the 
Burdekin River.
Downstream are large and productive riparian trees, some with rain forest 
affinities, that require substantial amounts of phosphorus. They are vegetational 
indicators of soil landscapes that retain and control larger supplies of phosphorus 
than normal. This vegetation has been cut back by fires, particularly during 
recent drought years.
INTRODUCTION
Donnollan (1991) has shown that phosphorus availability is 
generally low in alluvial soils along the Burdekin River. Chemical profiles 
by Reid (1978) indicate that though phosphorus availability is generally 
low, there can be deep horizons with considerable amounts of phosphorus, 
probably in apatite minerals. These horizons may have been supplied by 
leaching or by deposition of soil-forming minerals rich in phosphate.
Basalt flows along the Burdekin River in Fig. 1 are potential 
sources of phosphate. Chemical analyses by Stephenson et al., (1980, 
Table 2) indicate that 0.5% or more of phosphate is commonly present. 
The question then arises whether drainage processes after volcanism could 
supply large amounts of phosphatic detritus.
Pap. Dep. Earth Sciences Univ. Qd., 13(1): 19-27, December 1995.
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PALAEODRAINAGE GUIDES
A palaeodrainage map has been constructed to identify new 
channels excavated after Quaternary basalt flows ponded part of the 
Burdekin River and its tributaries shown in Fig. 1. This palaeodrainage 
map and others in Heidecker (1987) are based on Fig. 2 correlated with 
occurrences of palaeochannel deposits at the surface and in water bores. 
Palaeodrainage lines show up as "ghosts" in aerial photography as along 
AB in Fig. 2. A palaeochannel under Toomba Basalt in Fig. 1 is indicated 
by collapsed tunnels along the centre line of the flow, CD in Fig. 2.
Figure 1 indicates that large sections of the Burdekin channel have 
been excavated after a Quaternary basalt flow entered and blocked the 
Pleistocene palaeochannel of the Burdekin River. These new sections 
have provided granodiorite detritus with fresh supplies of soil-forming 
minerals. This palaeodrainage reconstruction also indicates that Fletcher 
Creek occupies a new channel excavated after Toomba Basalt Flow 
followed and filled a former channel shown in Fig. 1.
Abandoned channels A and B and current channel C in Fig. 3 are 
part of a channel sequence excavated across basalt by Fletcher Creek. A 
new episode of channel formation and drainage development is underway 
along parts of channel C cut deeply into basalt. Ponded water is tunnelling 
under this impounding basalt as is shown in Figs. 4 & 5. Such a tunnelling 
process would account for switches from channel A to channel B then C 
although these channels are through high parts of basalt flows unlikely to 
be overtopped by surface flood flows. A tunnelling process is likely to 
lead to episodes of rapid, deep erosion flushing out partly-weathered 
regolith with fresh supplies of soil-forming minerals containing 
phosphorus and other mineral nutrients.
QUANTITIES SUPPLIED
As much as 4 million cubic metres of basaltic regolith and ponded 
mud is likely to have been flushed out of channels A, B, and C and lake 
deposits further upstream. This basaltic regolith would have contained as 
much as 50 thousand tonnes of phosphate carried down into alluvium and 
the Burdekin River from Dalrymple to Big Bend in Figs. 1 and 2.
SOIL LANDSCAPES INDICATING PHOSPHATE SUPPLY
Soil landscapes have been defined by Thompson & Ward (1975) for 
mapping purposes as "arcas(s) of land dominated by one parent material 
with n limitpH ranop of tnnnpranhv. a reoeated soil oattern related to 
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topography, and commonly with a characteristic vegetation". Thompson & 
Ward (ibid, p. 12) related vegetation differences between soil landscapes to 
characteristic mineral nutrient deficiencies on the one hand and adequate 
supplies of mineral nutrients such as phosphate on the other hand.
Soil landscapes adjacent to the mouth of Fletcher Creek (E in Figs. 
2 & 3) and along the right bank of the Burdekin River downstream, 
particularly about F in Fig. 2, are characterised by large, luxuriant riparian 
trees that produce quantities of fruit and pollen requiring considerable 
quantities of phosphorus. Leichhardt trees (Nauclea orientalis) reach the 
height limits of that species along Fletcher Creek above its junction with 
the Burdekin River. Paperbarks (Melaleuca leucadendra) are particularly 
massive and productive along the right bank of the Burdekin River towards 
Big Bend. Several species of figs (Ficus) are large and crop heavily. The 
legumes bauhinia (Lysiphyllum hookri) and tamarind (TamarIndus indica), 
that require phosphorus to be productive, do particularly well on alluvial 
soils rejuvenated with basaltic soil-forming minerals by Fletcher Creek.
CONCLUSIONS
Stream channels tunnelled and eroded though basalt have 
rejuvenated alluvial soils along the Burdekin River with fresh supplies of 
phosphatic soil-forming minerals. This is particularly the case near the 
mouth of Fletcher Creek, with the possibility that flood waters may have 
transported phosphatic detritus much further downstream, contributing to 
stores of phosphorus below soils of the Lower Burdekin floodplain.
Rejuvenated soil landscapes are indicated by large productive trees 
which include rainforest species identified by Kahn and Lawrie (1987). 
These trees require and recycle phosphorus. Their leaf-litter nutrient 
recycling systems are readily damaged by fire. They have died back 
during recent years of rainfall deficit, particularly where water-retentive 
mulch has been burnt.
Vegetation that retains and recycles phosphate trapped along the 
Burdekin River needs to be maintained and developed to cope with 
environmental changes. If not, phosphatic soil could be eroded into the 
channel of the Burdekin River. Senate Standing Committee (1993, p. 20- 
21) findings are that algal blooming may be caused by natural supplies of
phosphorus released by basaltic soils eroded into river channels and
reservoirs.
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Figure 3. An aerial photograph showing a sequence of channels A,B, &C 
excavated by Fletcher Creek. A basalt retaining wall opposite point C is 
being undermined by a drainage tunnel shown in Figures 4 & 5. This 
tunnel is likely to develop into a channel, releasing ponded water with 
regolith, soil, and mud trapped in ponds to the southwest. E is the mouth 
of Fletcher Creek. Coordinates are as in Figure 1 with 2 kilometres 
between coordinates shown. Reproduced with permission. Department of 
Lands, Queensland.
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Figure 5. A cavity reaching 4 metres under the basalt retaining wall in 
Figure 4. During a time of drought there is only a little seepage from 
tunnels 1 and 2, 20 cm in diameter in the dark recesses of the cavity. Mats 
of three roots follow several moist zones under the basalt and probably 
impede rapid development of tunnels.

